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Euler and Navier-Stokes Leeside Flows over
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Numerical simulations of several distinctly different types of leeside flowfields over higly swept, sharp,
leading-edge delta wings in supersonic flow were obtained using Euler and Navier-Stokes solvers. The Euler code
was seen to be adequate for predicting primary flow structures (leading-edge vortex and crossflow shock),
whereas the Navier-Stokes code was capable of predicting primary and secondary flow structures (i.e., second-
ary vortex and shock-induced separation). A comparison of laminar and turbulent Navier-Stokes solutions for
leading-edge separated flows for which the boundary-layer state was known indicated that the turbulent
boundary-layer model is more accurate in predicting the effect of the boundary layer on the flowfield. Also, for
several cases, the Navier-Stokes code indicated detailed flow structures not observed in the qualitative ex-

perimental data available.

Introduction

HE development and experimental validation of

advanced aerodynamic computational techniques such as
Euler and Navier-Stokes codes will eventually provide
aerodynamic design capability heretofore not possible. In the
past, aerodynamic design methodology for low supersonic
Mach numbers has been limited to a relatively simple flow
model. For example, in the 1960’s and 1970’s, wing designs!
for SST or fighter applications were based on solutions to the
linearized potential equation and were therefore limited to
subsonic crossflows. More recent high-lift wing designs? have
employed methodology based on solutions of the nonlinear
full-potential equations, which can treat mixed sub-
sonic/supersonic crossflows and which model shocks. These
designs are still restricted to attached flows, because of the ir-
rotational, inviscid assumptions .of full-potential theory.
Vortex flap-wing designs® assume the existence of leading-
edge vortices and have employed a methodology based on a
combination of linearized potential theory and empirical data.
The aerodynamicist prefers not to be limited to a particular
type of flow and likes to make optimum use of both attached
and separated flows. In order to achieve this, the design
methodologies and procedures must be based on rather unres-
tricted aerodynamic computational techniques. Recently re-
ported results*!! indicate that algorithms capable of solving
the Euler and Navier-Stokes equations are sufficiently deve-
loped and that computer processing speeds have decreased
enough to begin the necessary validation process that leads to
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incorporating Euler and Navier-Stokes methods into the wing
design process.

Several researchers have experimentally investigated and
classified the leeside flow over highly swept wings in super-
sonic flow. Stanbrook and Squire!? classified separated and
attached leeside flow regimes using the similarity parameters
Mach number M, and angle of attack ay normal to the lead-
ing edge. This work has been extended further by Whitehead
et al.,’? Szodruch and Ganzer,!* and Miller and Wood.!5 The
definition of leeside flows based on the wind-tunnel experi-
ment reported in Ref. 15 is presented in Fig. 1. The central ver-
tical boundary of Fig. 1 is similar to the classical Stanbrook
and Squire boundary between separated and attached flow.
The flow types to the left of this boundary are as follows,
starting at the bottom of the figure: leading-edge separation
bubble with no shock, primary and secondary vortex with no
shock, and primary and secondary vortex with shock. The
flow types to the right of the Stanbrook and Squire boundary,
in the same order, are as follows: shock with no separation,
shock-induced separation, and separation bubble with shock.

The purpose of this paper is to present Euler and Navier-
Stokes results for a case from each of the six flow regimes that
have been observed experimentally on the leeside of flat,
sharp, leading-edge delta wings at supersonic speeds. The
computed results will be compared with one another and with
experimental data previously reported in Ref. 15. There will
also be a discussion of the effect of the boundary-layer state in
the Navier-Stokes solutions for the flow conditions examined
in this paper.

Experimental Setup and Models

Figure 1 shows the flow regimes that are examined in this
paper and the experimental data points used to define the
regimes. The data were obtained in a wind-tunnel experi-
ment!S conducted in the NASA Langley Unitary Plan Wind
Tunnel (UPWT) on four delta-wing models that varied in
leading-edge sweep (A=75, 67.5, 60, and 52.5 deg). Each
model had a total span of 1 ft and a thickness of 0.3 in. at the
trailing edge. The upper surface of each model was flat, and
the leading edge was made sharp (10-deg angle normal to the
leading edge located on the lower surface). Each model was in-
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strumented with a row of pressure orifices located 1 in. for-
ward of the trailing edge. Transition strips of grit were sprin-
kled on the upper surface 0.2 in. behind the model leading
edge to insure turbulent boundary-layer flow over the model
at attached-flow conditions. The four models were each tested
at M=1.7, 2.0, 2.4, and 2.8 over an angle-of-attack range of
0-20 deg and at a Reynolds number of 2.0 x 10%/ft. In addi-
tion to the surface pressure data obtained near the trailing
edge, vapor-screen photographs were also obtained. The
vapor-screen flow-visualization technique provides qualitative
data on the flowfield and was the primary source of informa-
tion used in defining the flow regimes of Fig. 1. However, the
sensitivity of the technique is not known at this time.

Computational Algorithms

Because the experimental data have shown the leeside flow
to develop conically and the leeside surface geometry of a flat
delta wing is obviously conical, it was decided that conical
solutions would adequately represent the flows being investi-
gated in this study. The assumption of conical flows signifi-
cantly reduced the required computational resources and
made possible the examination of all significant cases. The
Euler code of Ref. 5 and the Navier-Stokes code of Ref. 4 were
selected for this study because each code has previously been
used to predict delta wing leeside flows for a few selected
cases.

The computational method utilized in the Euler code has
been discussed in detail in several references (5, 16, .and 17),
and only a brief summary will be given here. The full three-
dimensional unsteady Euler equations are transformed to a
conical coordinate system. A Jameson type of finite-volume
method is used to discretize the equations in conservative
form, and a Runge-Kutta method is used to integrate the
pseudo-unsteady equations to achieve steady-state solutions.
Boundary conditions enforce tangential flow at the body sur-
face and freestream conditions on the outer boundary, which
is outside the bow shock. _

The Euler equations themselves contain no dissipation, and
the centered spatial differences are not dissipative to lowest
order. Artificial damping or viscosity is required to damp out
high-frequency modes of the discrete equations and to capture
shocks. Blended fourth- and second-difference dissipation
terms are added to the discretized inviscid equations for these
two purposes, respectively.

For a sharp-edge geometry like that which is considered
here, a Kutta condition provides the mechanism for locating
the point at which the flow separates from the wing to form a
primary vortex. In the calculations, the Kutta condition is en-
forced implicitly by the artificial damping. Because the separa-
tion point is determined by the geometry, its position is insen-
sitive to the magnitude of both physical and numerical
viscosity for Reynolds numbers of interest. The artificial vis-
cosity also provides a mechanism for creating losses. Compu-
tations and analysis have shown that the levels of these losses
are not sensitive to the levels of damping. 618

The computational method utilized in the Navier-Stokes
code has been discussed in detail in Refs. 4 and 19-23; only a
brief summary will be given here. The thin-layer approxima-
tion to the three-dimensional, time-dependent, compressible
Navier-Stokes equations are transformed to a generalized
coordinate system. The convective and pressure terms are dif-
ferenced with the upwind-biased flux-difference splitting ap-
proach of Roe,?® whereas the shear stress and heat-transfer
terms are centrally differenced. For all the results presented, a
third-order discretization of the convective and pressure terms
is used. Because the shear stress and heat-transfer terms are
differenced with second-order accuracy, the global accuracy is
second order. The spatial differencing scheme is very similar
to that in Ref. 4, except that flux-difference rather than flux-
vector splitting is used for the convective and pressure terms.
The flux-difference splitting approach includes information
about all differencing waves by which adjacent cells interact
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Fig. 1 Classification of experimental data for sharp-edged delta
wings, 15

and is demonstrated in Ref. 22 to be more accurate than the
flux-vector splitting approach in the boundary-layer region.

The time-differencing algorithm used in the Navier-Stokes
code is a spatially split approximate-factorization method. It
is difficult to linearize exactly the residual terms arising with
Roe’s flux-difference splitting approach, and an approximate
linearization is used. The resulting implicit discretization is
conservative in time and is, in practice, similar to that used in
Ref. 23, corresponding to a first-order flux-vector splitting
linearization in time.

The turbulent boundary-layer calculations are made with an
algebraic two-layer eddy-viscosity model. The model includes
the modifications incorporated by Degani and Schiff?* neces-
sary to insure that in vortical flows the viscous length scales
are determined by the boundary layer on the body or wing.
The model was recently used by Newsome and Adams? in the
accurate prediction of elliptical missile body flows at large
angles of attack and yaw.

For the conical flow solutions obtained by the Navier-
Stokes code, a single array of crossflow volumes is constructed
such that the inflow and outflow planes are scaled by a conical
transformation. At each iteration, the inflow conditions are
updated with the results of the previous iteration until conver-
gence occurs. The solutions in all cases were impulsively
started from freestream initial conditions. Boundary condi-
tions consisted of freestream conditions on the outer bound-
ary, reflection conditions in the crossflow symmetry plane,
and no-slip adiabatic wall or specific wall temperature condi-
tions on the body surface.

Results and Discussion

A systematic approach was taken in selecting cases from
Fig. 1 for the purpose of the study. For all cases, the Mach
number was held constant at 2.8 with leading-edge sweep
and/or angle of attack varying. In Fig. 2, the selected cases are
seen to cover completely all six of the flow regimes. In the in-
terest of space, only one case from each flow regime will be
presented here. The six cases to be presented are numbered in
Fig. 2. The vapor-screen photographs corresponding to each
case are presented as Fig. 3. Note the location of the bow
shock for cases 4-6.

The cross-sectional geometry at the trailing edge of the con-
figuration is used for all of the conical solutions. The conical
self-similarity assumption implies that this section is extended
conically forward to a point and aft to infinity. In all of the
plots, the y and z coordinates are normalized by the value of y
at the leading edge of the wing.

Computational Solutions

Each of the grids used in obtaining the Euler solutions con-
sisted of 128 radial and 128 circumferential (128 X 128) points.
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Fig. 2 Test matrix for numerical study; Mach number held constant
at 2.8.

Case 1: A =75 deg, a =4 deg Case 4: A = 60 deg, o = 4 deg

Case 5: A = 60 deg, o = 12 deg

Case 3: A =715 deg, a =20 deg Case 6: A = 67.5 deg, @ = 16 deg

Fig. 3 Vapor-screen photographs of six cases; M=2.8.

The Euler grid was generated using a code developed at MIT
based on the method of Ref. 26, with modifications to enforce
conditions on grid aspect ratio rather than normal spacing at
the body and outer boundaries. For each case, calculations
were first obtained on coarser grids and then interpolated for
use as initial conditions on the 128 X 128 grids. The solutions
were run for 500 iterations on this grid. All six of the cases ex-
cept case 6 (A=67.5 deg, a =16 deg, M =2.8) converged to an
acceptable steady-state solution. The general features and
force coefficients for case 6 appeared satisfactory, but the re-
sidual did not reach a steady-state level. The flow pattern asso-
ciated with this case is apparently very sensitive with the Euler
equation model.

The grids used with the Navier-Stokes code were generated
numerically using the code of Ref. 27, which is based on the
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method of Ref. 26. Each grid consisted of 75 radial and 151
circumferential (75 % 151) points. The radial grid point stretch-
ing distribution was exponential at the body, with a smooth
transition to a milder geometric stretching in the outer part of
the grid.

In Ref. 28, it was determined that the type of grid spacing
through the boundary layer could have a significant impact on
the results. For example, for a turbulent boundary-layer con-
dition, a stretched grid in the boundary layer (which clustered
points near the surface) yielded more accurate results than a
uniform grid. The opposite trend was found to exist for a lam-
inar boundary-layer condition. Hence, for the purposes of this
study, the grid for the turbulent boundary-layer cases is more
stretched than that of the laminar boundary-layer cases. The
turbulent spacing grid for each geometry had a minimum spa-
cing of As/xrg =0.3 X 10~* at the wall, where Xy is the steam-
wise location of the trailing edge. This minimum spacing was
based on the criterion of having 1-2 points in the viscous sub-
layer. The laminar spacing grid had As/xg of 0.5x 10~* for
the 75-deg delta wing and As/x;g of 0.1x10~* for the 67.5
and 60 deg delta wings. These values were based on the crite-
rion of having 15-20 points in the boundary layer. Also to be
noted here is the fact that the leading edge was rounded with a
leading-edge radius of r/xy =0.2x 1073, This modification
to the geometry allowed a smoother grid about the leading
edge to be achieved for use in the Navier-Stokes code. The
span of the modified cross section was 99.9% of that of the
original span.

The laminar boundary-layer solutions were obtained for
cases 1-3 and 6. For case 1 (A=75 deg, =4 deg, M=2.8), it
was not possible to obtain a converged laminar solution on the
laminar grid. Consequently, this case was repeated on the tur-
bulent grid, and a converged laminar solution was obtained.
The reason for this is unknown at the present time. Turbulent
boundary-layer solutions were also obtained for all six cases
using the turbulent spacing grid.

A typical problem in obtaining the Navier-Stokes solutions
was that the residual entered into a limit-cycle oscillation
although flowfield quantities such as lift coefficient and total
pressure had reached an acceptable convergence. This charac-
teristic has been associated with the limiter used in the dif-
ferencing scheme. Solutions were also obtained with the flux-
vector splitting algorithm, with only small differences noted
from the results shown, indicating that the truncation error
levels are small.

Computational Results and Comparisons

The Euler and turbulent Navier-Stokes solutions for all six
cases are presented later. As discussed in Ref. 15, the models
had grit located 0.2 in. behind the leading edge to insure fully
turbulent boundary-layer flow over the model at attached
leading-edge flow conditions. However, a question arises as to
the boundary-layer condition for the flow separating at the
leading edge, reattaching near the centerline, and flowing out-
ward on the wing under a primary vortex. Thus, laminar
Navier-Stokes solutions are presented for the separated flow
cases (i.e., cases 1-3 and 6). However, the Reynolds numbers
(2.0 % 10%/ft) are sufficiently high to expect the flow to be tur-
bulent at the trailing edge via natural transition,? based on
subsonic data indicating that transition will occur at a
Reynolds number of approximately 0.9 x 106, The computed
surface-pressure distributions are summarized and compared
with experiment in Fig. 4. Following is a discussion on each of
the six cases, along with other supporting data presentations.
Portions of the data are presented in the form of total pressure
contours, which define vortical structures as they appear in
vapor-screen photographs. Likewise, crossflow Mach number
contours are used in some of the data presentation because
these contours define shock systems as they appear in vapor-
screen photographs.
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Fig: 4 Comparison of compuiational and experimental surface-
pressure distributions for six cases, M=2.8.
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Fig. 5 Total pressure contours from the Euler, laminar Navier-
Stokes, and- turbulent Navier-Stokes solutions for case 1; A="75 deg,
a=4 deg, and M=2.8.

“Total pressure contour plots from the Euler, laminar
Navier-Stokes, and turbulent Navier-Stokes solutions for case
1 (A=175 deg, o« =4 deg, M=2.8) are presented in Fig. 5. The
vapor-screen photograph (Fig. 3) has been interpreted as a
separation bubble in Ref. 15. A separation bubble is defined

as having its entire rotational flow contained within its boun- °

daries, and it exhibits no secondary $eparation. All three solu-
tions have a primary vortex separating at the leading. edge,
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Fig. 6 Total pressure contours from ihe Euler, laminar Navier-
Stokes, and turbulent Navier-Stokes solutions of case 2; A = 75 deg,
o =8 deg, and M =2.8.

with the core lying close to the surface of the wing such that
the reattachment line coincides with the termination of the
vortex. In this respect, each solution agrees with Miller and
Wood’s interpretation'® of the vapor-screen photograph.
However, the Navier-Stokes solutions are both seen to have at
least one secondary vortex beneath the primary vortex that
does not agree with the vapor-screen interpretation from Ref.
15. The vapor-screen flow visualization technique may not be
sensitive enough to detect the separate flow structures seen in
the contour data (Fig. 5) since the primary vortex lies so close
to the wing or the numerical solution may be in érror. In ex-
amining the surface-pressure distributions (Fig. 4), the turbu-
lent solution agrees more closely with the experimental data,
whereas the Euler solution substantially overpredicts the ex-
pansion due to the primary vortex. The laminar and turbulent
Navier-Stokes surface-pressure distributions agree closely, ex-
cept in the region under the primary vortex where the laminar
solution exhibits two secondary vortices. The flow beneath the
primary vortex in the turbulent solution is more resistant to
separation, and the one secondary vortex that forms is weaker
than the two secondary vortex structures predicted in the lami-
nar solution.

Figure 6 shows the total pressure contour plots for each of
the Euler, laminar Navier-Stokes, and turbulent Navier-
Stokes solutions for case 2 (A=75 deg, a=8 deg, M=2.8).
Reference 15 interprets the flow structure evident in the vapor-
screen photograph to be that of a primary vortex with a sec-
ondary vortex. The contour data of Fig. 7 show that the Euler
and Navier-Stokes codes (regardless of boundary-layer condi-
tion) predict the formation of a vortex from the leading edge.
The Euler code does not predict the secondary vortex since this
structure results from a separtion in the boundary layer. How-
ever, the laminar Navier-Stokes code predicts not only this
secondary vortex but also a second secondary vortex (rotation
in the same sense as the first secondary vortex), which is not
evident in the vapor-screen photograph. Consistent with the
observations made for case 1, the secondary vortex of the tur-
bulent solution appears weaker than the more inboard second-
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Fig. 7 Crossflow Mach number contours from the laminar Navier-
Stokes solutions of case 2; A =75 deg, oo = 8 deg, and M = 2.8.

ary vortex predicted in the laminar solution. Thus, the turbu-
lent solutions isin better agreement with both the vapor-screen
photograph and the surface-pressure data.

_ The crossflow Mach number contour plot from the laminar
Navier-Stokes solution for case 2 is shown in Fig. 7. The cross-
flow shock atop the primary vortex evident in the figure is typ-
ical of each of the three solutions. The interpretation from
Ref. 15 for this case does not mention any crossflow shock
system. However, the changing gray levels atop the primary
vortex in the vapor-screen photograph correspond very well to
the computed crossflow shock structure (Fig. 7). The cross-
flow shock is weak, with a total pressure loss less than 10%
and is not evident in the total pressure contour data since the
total pressure loss is less than the increment used in contouring
the total pressure datd. Thus, the crossflow Mach number
contours more closely resemble the crossflow shock structures
as seen in the vapor-screen photographs, whereas the total
pressure contours more closely resemble the vortical structures
in the vapor-screen photogra_phs

Figure 8 shows the crossflow Mach number contour plots
from the Euler and laminar Navier-Stokes solutions for case 3
(A=75 deg, a=20 deg; M =2.8). The contour data of Fig. 8
show that both codes predict a vortex separatmg at the leading
edge, with a shock forming on top of the primary vortex. A
crossflow shock is. also seen to form between the primary
vortex and its counterpart across the longitudinal plane of
symmetry. These flow structures are seen very clearly in the
corresponding vapor-screen photograph of Fig. 3. The vapor-
screen photograph also shows a secondary vortex forming be-
neath the primary vortex. The Euler code predicts a shock
rather than a secondary vortex in this region. This shock is evi-
dent in the Euler surface-pressure distribution (Fig. 4). In con-
trast, the laminar Navier-Stokes contour data show the forma-
tion not only of the secondary vortex but also of a shock
between the primary and secondary vortices, which is not evi-
dent in the vapor-screen photograph. The turbulent Navier-
Stokes solution, which is not presented 'in Fig. 8, is very
similar to the laminar solution, except that the secondary
vortex is weaker than that of the laminar solution. This obser-
vation is also reflected in the surface-pressure data (Fig. 4). In
the region of the secondary vortex, the turbulent solution has
a more level pressure distribution and is in better agreement
with the expérimental data.

As stated before, the vapor-screen photograph does not
show a crossflow shock occurring between the primary and
secondary vortices of this case. This structure is clearly evident
in the crossflow Mach number contour data of both Navier-
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Laminar Navier-Stokes

Fig. 8 Crossflow Mach number contours from the Euler and laminar
Navier-Stokes solutions of case 3; A =75 deg, a =20 deg, and M=2.8.

Stokes. solitions and in the total pressure contour data (not
presented). These data also show the ¢rossflow shock above
the primary vortex core. Thus, the flow visualization tech-
nique of vapor screens is apparently not sensitive enough to
detect such a detailed flow structure, assumlng that the
Navier-Stokes solutions are correct.

The contour data for case 4 (A=60 deg, o=4 deg, M=2.8),
omitted here for brevity, appéar very similar to the corre-
sponding vapor-screen photograph (Fig. 3). The flow struc-
ture is that of attached flow with a crossflow shock occurring
inboard of the leading edge. In examining the surface-pressure
data (Fig. 4), the Euler and turbulent Navier-Stokes codes pre-
dict approximately thé same location for the crossflow shock
(y/yLg =0.5). The Euler code predlcts a slightly stronger
shock.

The crossflow Mach number contour data for the Euler and
turbulent Navier-Stokes solutions for case 5 (A=60 deg,

=12 deg, M=2.8) are shown in Flg 9. The vapor-screen
photograph (Fig. 3) shows that the flow is attached at the lead-
ing edge, with a shock forming inboard. According to the in-
terpretation of Ref. 15, a shock-induced separation bubble is
located below and immediately iriboard of this crossflow
shock. The contour data of Fig. 9 show that both codes pre-
dict attached flow at the leading edge. The Euler data show a
crossflow shock occurring at y/y, g =0.35, with no separation
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W
Fig. 9 Crossflow Mach number contours from the Euler and vturbu-

lent Navier-Stokes solutions of case 5; A=60 deg, a=12 deg, and
M=238. . - '

Euler

Fig. 10 Total pressure contours from the Euler and laminar Navier-
Stokes solutions of case 6; A =67.5 deg, a=16 deg, and M, =2.8.
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bubble evident. The turbulent Navier-Stokes data show a
shock-induced separation just inboard of the crossflow shock
at y/y; g =0.4. Thus, the turbulent Navier-Stokes solution is in
better agreement with the corresponding vapor-screen photo-
graph. The different flow structures of the Euler and turbulent
Navier-Stokes solutions are reflected in the surface-pressure
distributions (Fig. 4). The presence of the crossflow shock is
clearly seen in the Euler distribufion. However, the shock-
induced separation dampens the effect of the crossflow shock
on the surface-pressure distribution in the turbulent Navier-
Stokes solution. The turbulent Navier-Stokes distribution is in
better agreement with the experimental distribution.

Figure 10 shows the total pressure contour plots for the
Euler and laminar Navier-Stokes solutions for case 6 (A=67.5
deg, =16 deg, M=2.8). The interpretation of the vapor-
screen photograph for this case (Fig. 3), as found in Ref. 15, is
that of a leading-edge separation bubble with a crossflow
shock located atop the bubble. The contour data of Fig. 10 for
both solutions agree well with the vapor-screen photograph.
However, the contour data of Fig. 10, corroborated by cross-
flow velocity vectors, indicate that both codes predict a struc-
ture resembling a vortex separating at the leading edge, with
the core of the vortex lying close to the surface of the wing. As
can be seen in the total pressure data of Fig. 10 and the velo-
city vectors (not presented here), the laminar Navier-Stokes
code predicts-a secondary vortex occurring beneath the pri-
mary vortex, which is not seen in the vapor-screen photo-
graph. From the same data, it can be seen that the laminar
Navier-Stokes code predicts the formation of a shock-induced
vortex occurfing just inboard of the shock/vortex system. The
Euler code also predicted the formation of this shock-induced
vortex. This shock-induced vortex appears to be a weak flow
structure and is not evident in the vapor-screen photograph.
The turbulent Navier-Stokes solution for this case is very
similar to the laminar solution, except that the secondary
vortex and the shock-induced vortex are weaker. These differ-
ences between the laminar and turbulent Navier-Stokes solu-
tions are evident in the surface-pressure distributions (Fig. 4).
The turbulent Navier-Stokes surface-pressure distribution is
seen to be in better agreement with the experimental data.

Conclusions

The leeside flowfields over higly swept, sharp, leading-edge
delta wings in supersonic flow were numerically simulated us-
ing Euler and Navier-Stokes solvers. Distinctly different types
of flowfields have been found through experimental investiga-
tions. Computations for six cases were shown, each corre-
sponding to a different flow type. The Buler code was seen to
be adequate for predicting the formation of the primary
vortex and embedded crossflow shock flow structures and
generally overestimated the expansion due to the vortex. The
Navier-Stokes code, in modeling the effects of viscosity, was
capable of predicting secondary flow structures observed ex-
perimentally (such as the secondary vortex under a primary
vortex and shock-induced separation). The Navier-Stokes
solutions also indicated that a separation bubble, as defined in
the experimental investigation, is merely a shallow primary
vortex whose core lies close to the surface of the wing. How-
ever, the Navier-Stokes code indicated detailed flow structures
not observed in the qualitative experimental data (i.e., vapor-
screen photographs). A comparison of laminar and turbulent
Navier-Stokes solutions for leading-edge separated flows for
which the boundary-layer state was not known indicated that
the - turbulent solutions agreed more closely  with the ex-
perimental data. It was observed that because the turbulent
boundary-layer model is more resistant to separation, the sec-
ondary structures resulting from crossflow boundary-layer
separation were weakened. Quantitative flowfield data are
needed to resolve the differences between the computed and
experimentally observed flow structures. '
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